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The magnetic and electronic properties of a Fe monolayer on InAs~110! are calculated with an ab initio
method using the density-functional theory. We find that the relaxation of the InAs~110! surface is completely
lifted and that the Fe atom is located in the center of the triangle formed of two As atoms and an adjacent In
atom. The Fe bonding is largely determined by a molecularlike interaction of As and In orbitals with the Fe d
levels. In particular, the density of states at the Fermi level is dominated by a bond between minority Fe dxy ,
dzy levels and As px , In sp levels. This leads to a large value of 80% spin polarization on the Fe side and 60%
on the InAs side of the interface albeit of different orientation. Into the crystal the spin-polarization exhibits a
damped oscillation.
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tant to understand the interface properties between different
materials. Of particular current interest is the interface be-
tween ferromagnets and semiconductors. For example, in or-
der to realize the spin transistor proposed by Datta and Das,1
the interface between a ferromagnet and a semiconductor
moved into the focus of research. From what is known today,
the quality of the interface determines whether the injection
of the spin-polarized electrons into the semiconductor is bal-
listic or diffusive. If it is diffusive, Schmidt et al.2 and Fert
and Jaffre´s3 have shown that the spin polarization of the
current is negligibly small. Thus, a detailed understanding of
the ferromagnet/semiconductor interface is crucial.
An experimental investigation of interfaces consisting of
thick ferromagnetic films on semiconductors is rather diffi-
cult, so it might be appropriate to start with a lower thickness
of the ferromagnet. Motivated by recent scanning-tunneling
microscopy ~STM! experiments on Fe atoms and chains on
InAs~110!, we calculate the atomic configuration, the mag-
netic properties, and the electronic structure of an interface
consisting of a monolayer of Fe as a ferromagnetic material
and InAs~110! as a semiconductor with large Rashba
splitting.4,5 Understanding the properties of the monolayer
paves also the path to use Fe for preparing nanostructures in
order to move into the area of nanospintronics.
Although the relaxation properties at such interfaces are
very important, they are often neglected in calculations con-
sidering spin injection properties.6,7 Here, we calculate the
electronic and spin properties of a relaxed interface and find
that molecularlike bonds between Fe and InAs atoms are
formed. Surprisingly, this leads to a high spin polarization at
both sides of the interface, in particular, at EF .
First we calculated the structure of InAs~110!, which ex-
hibits the surface relaxation typical for III-V semiconductors,
i.e., the As atom relaxes outwards and is 1.2 a.u. (1 a.u.
50.529 Å) higher than the In atom.8 Then, we added one
layer of Fe on the InAs~110! surface, and relaxed the atom
positions to minimize the total energy. The resulting Fe po-
sition is in accordance with recent STM experiments.4 Fi-0163-1829/2004/69~8!/085317~5!/$22.50 69 0853nally, the spin-dependent band structure, the local density of
states ~LDOS! and the spatially integrated density of states
~DOS! at the Fe/InAs interface were analyzed. This leads to
the surprising conclusion that at EF the Fe spin-polarization
is much higher for a monolayer Fe on InAs~110! ~80%! than
for bulk Fe ~40%!.9 Moreover, singletlike couplings of As px
and In sp states to the Fe dxy and dzy orbitals lead to a
similar high spin polarization of different sign on the InAs
side.
The calculations are performed using the density-
functional theory.10 The exchange-correlation functional is
formulated within the local spin-density approximation.11
The Kohn-Sham equations are solved applying the full-
potential linearized plane-wave method,12 as realized in the
FLEUR-code.13 For simulating the InAs~110! surface we use
a slab geometry with five layers of InAs embedded in infinite
vacua on both sides of the slab. Tests with five and nine
atomic layer slabs show that the energetically favorable
structure is reproduced with sufficient accuracy using a five
layer slab. Next, an Fe monolayer with one Fe-atom per unit
cell is placed on one side of the optimally relaxed InAs slab.
For the optimization of the new configuration, the Fe-
monolayer and the two adjacent layers of the InAs are al-
lowed to relax.
The volume of the slab is partitioned into muffin-tin ~MT!
spheres and the interstitial region. To prevent an overlap of
the MT-spheres and at the same time to take into account the
extension of the states at the atoms we choose the radii of the
MT’s to be 2.2 a.u. for the Fe, 2.0 a.u. for the In and 1.8 a.u.
for the As. The wave functions are expanded into augmented
plane waves with a maximum K vector of Kmax
53.9 a.u.21, which amounts to 230 basis functions per
atom. The basis function in the MT’s are expanded into ra-
dial functions and spherical harmonics with angular mo-
menta up to l58. The Brillouin zone ~BZ! integration was
carried out using 121 k i points in the irreducible wedge of
the two-dimensional BZ.
The starting position for the relaxation of the Fe atom is
deduced as follows: We compare measured STM images of©2004 The American Physical Society17-1
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STM images of clean InAs~110!.14,8 Figure 1~a! shows the
measured image.4 The atomic rows of one type of atoms are
visible in the background. The bright spots surrounded by a
black rim are the Fe atoms. The inset shows that the position
of the Fe maxima is in between two atomic rows and slightly
displaced towards one of them. Moreover, the Fe maxima are
located exactly between two neighboring maxima inside the
InAs rows.4 The calculated image of the clean InAs~110!
surface at the same voltage is displayed in Fig. 1~b!. For the
calculation, the tip-induced band bending determined to be
300 meV is taken into account.15 The marked atomic centers
of the In and the As atoms reveal that the protrusions in the
constant-current image correspond to the As atoms. This is
opposite to the conventional knowledge that cations ~In! are
imaged at positive voltage on III-V materials, but has its
origin in the high-energy position of the In dangling-bond
state at 0.9 eV above the conduction-band minimum and the
fact that the surface As atoms are relaxed outwards.8,14 From
comparison of Figs. 1~a! and 1~b! we deduce a lateral posi-
tion of the Fe atom as displayed in Fig. 1~c!. The optimiza-
tion process of this atomic structure led to the structure
shown in Fig. 1~d!. We carefully checked that starting with
other initial positions of the Fe atom leads either to the same
final position or to final configurations with significantly
higher energies.
Figure 2 shows a side view of the InAs film after relax-
ation. The lower half of the film shows the relaxation without
the Fe monolayer, while the relaxed structure with Fe is
shown in the upper half. There, in contrast to the film with-
out Fe, In, and As are nearly at the same height. The In atom
FIG. 1. ~a! STM constant-current image of InAs~110! covered
with 7.5% Fe, U550 mV, I5200 pA, T58 K ~Ref. 4!; ~b! calcu-
lated constant-current image of the relaxed InAs~110! surface, U
550 mV; the band bending of 300 meV is taken into account ~Ref.
15!; ~c! from ~a! and ~b! deduced position of the Fe atom in the
InAs~110! unit cell; ~d! calculated position of Fe atom in the
InAs~110! unit cell after relaxation; The numbers on the atoms in-
dicate the vertical relaxation in atomic units from the ideal bulk
terminated position of the surface As. The angle f is given in
Table II.08531is even slightly higher ~0.5 a.u.! than the As atom. More
importantly, the bond length between In and As in the upper-
most layer as well as the bond length between the uppermost
and the next layer of InAs are increased with respect to the
bulk values and with respect to the relaxed InAs film without
Fe. Tables I and II give the corresponding values of distances
and bond lengths for the clean relaxed InAs~110! surface and
the relaxed InAs~110! surface covered with one Fe atom per
unit cell. The results for the clean surface are in excellent
agreement with other theoretical work on III-V semi-
conductors.8 A strongly increased In-As bond length in the
Fe/InAs~110! case shows that In-As-bonds are weakened in
favor of Fe-In and Fe-As bonds.16 Moreover, Fe is located
nearly equidistant to the adjacent two As and the In atom as
visible in Fig. 1~d!. This indicates that bond formation to
both surface species takes place.
FIG. 2. Side view of calculated relaxation positions of
InAs~110! surface with Fe monolayer. The lower half on the film
shows the relaxation of the clean InAs~110! surface. Black circles
mark the Fe positions, gray the In and white the As positions.
Tables I and II give the corresponding values of distances, bond
lengths, and angles.
TABLE I. Distances between the atoms in the clean relaxed
InAs~110! surface and the InAs~110! surface covered with one Fe-
atom per unit cell according to the definitions in Fig. 2. The dis-
tances are expressed in units of the respective InAs bulk distances
given in the second column.
Distance Unit InAs bulk InAs~110! Fe/InAs~110!
a @a .u .# 11.437
dFeIn,’ @ 12 a/A2# 0.079
dFeIn,x @a# 0.429
D1,’ @a/A2# 0.000 20.164 0.056
D1,x @ 34 a# 1.000 1.033 0.632
d12,’ @ 12 a/A2# 1.000 1.118 1.241
d12,x @ 12 a# 1.000 1.080 1.266
D2,’ @a/A2# 0.000 20.018 0.043
D2,x @ 34 a# 1.000 0.999 0.9967-2
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mized atomic configuration. Figure 3 shows the spin-
dependent LDOS inside the MT’s for the different atoms at
the Fe/InAs interface. The LDOS of Fe exhibits one narrow
peak in each spin channel, which is caused by the narrow
two-dimensional d bands of different spin. The majority peak
is found around 22.4 eV and the minority one around 0.1 eV
giving an exchange splitting of about 2.5 eV. The magnetic
Fe moment amounts to 2.6mB in the Fe MT sphere.
In contrast, the magnetic moments of the spheres of the In
and As atoms are negligibly small, although both atoms
show a strongly energy-dependent spin polarization, which is
defined as the difference of the local spin ↑ and spin ↓ den-
sities, divided by the spin-integrated LDOS, i.e., (n↑
2n↓)/(n↑1n↓). This can be clearly seen in Fig. 3~c!,
where the spin polarization of the different atoms is dis-
played. Both atoms show a polarization up to 75%, however,
partly at different energies. Note that a rather high spin po-
larization is found around EF . Interestingly, the peaks in
Figs. 3~a! and 3~b! can be largely identified with particular
atomic orbitals. To assign the peaks we analyzed the spatial
distribution of the spin-polarized LDOS. The results with
emphasis on the peaks close to EF are given in Fig. 4. Dif-
ferent cuts through the LDOS are shown and labeled accord-
ing to the atoms through which the cut is taken ~Fe, In, As!
and according to the cutting plane (x ,y ,z). Here, x, y, and z
are associated to the @001# , @1¯10# , and @110# direction, re-
spectively.
The different minority d orbitals of the Fe atom are
clearly recognizable in Figs. 4~a!–4~e!. As indicated, we find
dx22y2 symmetry around 20.4 eV, overlapping dzx , dzy ,
and dxy states around EF , and a dz2 orbital at 0.2 eV.
The remaining Fe minority peak at 1 eV contains only dzy
and dxy orbitals ~not shown!. Figures 3~a! and 3~b! show two
peaks in the As LDOS around EF and at 1 eV. One of them
is found in the As majority channel (EF) and the other in the
As minority channel ~1 eV!.
Figures 4~f! and 4~i! demonstrate that the As peaks at EF
and 1 eV are the px orbitals of different spin. We checked
that the px symmetry of the As states does not change within
these two peaks. Therefore, we conclude that these two As
peaks as well as the corresponding Fe peaks represent a sin-
glet and a triplet of molecularlike states consisting of As px
and Fe dxy /dzy orbitals. The selection of these d levels is
TABLE II. Comparison of relaxation angles and bond length
changes between the InAs~110! surface and Fe/InAs~110! surface.
The angles ca and cc are defined in Fig. 2 and f in Fig. 1~d!. dcia j
are the changes of the bond lengths between the cation of the ith
layer and the anion of the j th layer relative to the cation-anion InAs
bulk bond length.
System f ca cc dc1a1 dc2a1 dc1a2
@°# @°# @°# @%# @%# @%#
bulk 109.5 109.5 109.5 0.0 0.0 0.0
InAs~110! 110.9 90.1 123.7 20.7 20.1 0.5
Fe/InAs~110! 67.7 105.1 96.7 47.9 11.43 13.108531reasonable, since only they exhibit a large overlap with the
As atoms @see Fig. 4~b! and 4~d!#.
The distinction of singletlike and tripletlike states can also
be seen in the plot of the spin polarization shown in Fig.
3~c!. The Fe spin polarization mainly exhibits two distinct
regions of different sign with the change of sign around
20.8 eV. This coincides with the energy regions of majority
and minority d bands. Importantly, in both energy regions
basically two different spin polarizations of As are found.
They correspond to the singlet and the triplet region, respec-
tively. Consecutively, triplet ~Fe ↑), singlet ~Fe ↑), singlet
~Fe ↓) and triplet ~Fe ↓) regions are found. The detailed
behavior within the majority ~Fe ↑) band is more complex
than in the ~Fe ↓) band, but again can be traced back to a
singlet-triplet splitting, now between bonds containing As
px , py , and pz orbitals and Fe d levels. Finally, the spin-up
As peak around 21.2 eV is identified as a pz orbital of As
FIG. 3. ~a!, ~b! spin-resolved LDOS inside the MT spheres of Fe
~solid line!, surface As ~dashed line!, and surface In ~dotted line!;
LDOS of As and In are multiplied by a factor of 15 to display them
on the same scale as the Fe LDOS; ~a! majority spin (↑); ~b! mi-
nority spin (↓); ~c! energy dependence of the resulting relative spin
polarization ((n↑2n↓)/(n↑1n↓)); the labels in ~a! and ~b! refer
to the LDOS images in Fig. 4.7-3
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ergies and spin orientations as indicated; labels on the left above the
images mark the orientation of the plane (x ,y ,z) and the atoms
through which the plane is cut ~Fe, In, As!, labels on the right in-
dicate the identified orbital; black circles mark the Fe positions,
gray the In-positions and white filled circles the As positions; ~a!–
~e! minority LDOS taken 50 meV around the indicated energies; ~f!
–~h! LDOS of the majority spin integrated from 20.3 eV to 0.3 eV;
~i!–~k! LDOS of the minority spin integrated from 0.8 eV to 1.1 eV.08531not interacting with the Fe. We conclude that As atoms ex-
hibit a nearly rectangular configuration of px , py , and pz
orbitals, from which at least the px orbitals are largely spin
polarized due to a molecularlike interaction with the spin-
polarized Fe d levels.
Since we also observe spin polarization at the In atoms
@Fig. 3~c!#, there must also be an interaction of the Fe with
the In levels. Indeed, Figs. 3~a! and 3~b! show coincidences
of In and Fe peaks. In particular, tripletlike In couplings to
the Fe peaks at 1 eV and 23.5 eV and a singletlike coupling
close to EF are found. The In peaks at EF and 1 eV are again
a singlet-triplet pair involving an In sp level visible in the
LDOS images of Figs. 4~g!–4~k!. Importantly, we identify
the interface LDOS at EF as due to a singletlike interaction
of Fe d levels with As px and In sp levels.
Since the spin polarization at EF is decisive for spintronic
devices, we discuss it more in detail. As visible in Fig. 3~c!,
it is 80% within the Fe MT’s and also large, but of opposite
sign in the In and As MT’s at the interface. Figure 5 shows
the relative (n↓2n↑)/(n↓1n↑) and the absolute spin polar-
ization (n↓2n↑) at EF in the InAs layer as a function of
distance from the interface. Here, the MT’s as well as the
interstitial region is considered. The spin polarization close
to the interface is opposite to the Fe spin-polarization high-
lighting the singletlike bond at this energy. More importantly,
the relative spin-polarization exhibits a damped oscillation
with atomic periodicity having values as large as 60%.
In summary, we calculated the electronic and spin prop-
erties of a Fe monolayer on InAs~110! using the local-density
approximation. We find that Fe takes a position equidistant to
two As atoms and an In atom and moves all surface atoms
outwards with respect to the clean InAs~110! surface. Mo-
lecularlike bonds exhibiting singlet-triplet splitting are iden-
tified. In particular, a singlet between As px , In sp , and Fe d
levels is found at EF and its triplet counterpart, again con-
sisting of As px , In sp , and Fe d levels, is found at 0.9 eV.
The molecular bonding leads to a large spin polarization in
the Fe layer as well as in the InAs layer. At EF , the spin
polarization in the InAs is found to oscillate with distance
from the interface having values as large as 60%. These re-
FIG. 5. Distance dependence of spin-polarization at EF , inte-
grated over both the muffin tin and the interstitial region; the circles
at the bottom mark the positions of In- ~black! and As-atoms
~white!. The dashed curve represents the absolute spin-polarization
(n↓2n↑) and the solid curve the relative spin polarization (n↓
2n↑)/(n↓1n↑). Note that the curves display the LDOS of only
two calculated states ~Kohn-Sham orbitals! near EF .7-4
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properties of ferromagnet/semiconductor interfaces can be
significantly different from the pure materials. Further stud-
ies of spin injection properties resulting from such a high
spin polarization would be quite interesting.08531We thank R. Wiesendanger and S. Heinze for helpful dis-
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